Inducible nitric oxide synthase (iNOS) plays important roles in cell injury and host defense. Our early study demonstrated that heat shock protein 90 (Hsp90) interacts with iNOS and this interaction enhances iNOS function. Recently, we reported that Hsp90 is also essential for iNOS gene transactivation. In the present study, we investigate the role of Hsp90 in controlling iNOS protein stability. In mouse macrophages, Hsp90 inhibition dissociated Hsp90 from iNOS and the latter subsequently formed aggregates. Aggregation deactivated iNOS. iNOS aggregates were cleared by the ubiquitin-proteasome system (UPS) inside cells. CHIP, an Hsp90-dependent E3 ligase, was previously implicated in iNOS turnover. However, CHIP knockdown had little effect on iNOS degradation in Hsp90-inhibited cells, indicating that other E3 ligases accounted for the clearance of iNOS aggregates. Further studies revealed that the SPRY domain-containing SOCS box protein 2 (SPSB2), an E3 ligaserecruiting protein, was essential for the ubiquitination of iNOS aggregates. SPSB2 knockdown or deleting the SPSB2-interacting domain on iNOS prevented the clearance of iNOS aggregates in Hsp90-inhibited cells. Thus, besides modulating iNOS function and gene transcription, Hsp90 is also essential for the protein stability of iNOS. Hsp90 blockade induces iNOS aggregation and SPSB2 is required for UPS degradation of iNOS aggregates.
Introduction
Nitric oxide (NO) is a gaseous free radical. Although physiological concentrations of NO serve as a signaling molecule in neuronal transmission and cardiovascular regulation, high levels of NO harm cells [1] [2] [3] [4] . Hence NO is employed by the immune system in the fight against microbe invaders and tumor cells [5] [6] [7] . In mammals, NO is derived from L-arginine via a reaction catalyzed by a family of NO synthase (NOS) including neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS) [7] [8] [9] . Among them, iNOS participates in cell injury and host defense [10, 11] . In contrast to the constitutively existing nNOS and eNOS, little iNOS can be detected in normal cells and tissues. Inflammatory mediators, such as bacterial product lipopolysaccharide (LPS) and cytokines including interferon-γ (IFN-γ), are potent inducers of iNOS gene expression. All NOS isoforms are activated by their binding with the cofactor calmodulin (CaM) [8, 12, 13] . For nNOS and eNOS, the binding to CaM is facilitated by the rise of intracellular Ca 2+ . iNOS, however, contains an intrinsically bound CaM and stays constantly active once expressed [8, 12, 13] . The continuous activity along with the high NO-generating efficacy is thought to suit iNOS for its functions in host defense and cell injury. Because iNOS is constantly active, the regulation of NO production from iNOS was thought to primarily occur at the enzyme transcriptional level. This notion evolves as recent studies show that iNOS function can be affected by protein-protein interactions and posttranslational modifications [14] . In an early study, we showed that iNOS associates with heat shock protein 90 (Hsp90) in cells and this association enhances iNOS activity [14] . The interaction with Hsp90 is found to be important in the cytotoxic effect of iNOS on cells. Recently, we reported that Hsp90 is necessary for the transcriptional activation of iNOS gene in cells stimulated by both LPS and IFN-γ [15] . Hsp90 appeared to be essential for transcriptional factor NF-κB and STAT1 to bind with the iNOS promoter during gene transactivation. The necessary role of Hsp90 in iNOS induction was confirmed in vivo in myocardium infarction [15] . Together, these studies demonstrate the importance of Hsp90 in regulating iNOS function and gene expression.
In addition to gene expression, the levels of active iNOS in cells are also determined by its protein stability and turnover [16] [17] [18] . Whether or not Hsp90 affects iNOS protein stability, and if it does, how changed iNOS stability is coped with inside cells are the remaining questions in the study of Hsp90 regulation of iNOS. In the present study, we address these issues in mouse macrophages which are stimulated to express iNOS. Our studies find Hsp90 vital for iNOS protein stability. Loss of the interaction with Hsp90 leads to iNOS aggregation and deactivation. Cells employ the ubiquitin-proteasome system (UPS) to eliminate aggregated iNOS proteins. We further reveal that the SPRY domain-containing SOCS box protein 2 (SPSB2), an E3 ligase-recruiting protein, is essential for the proteasomal clearance of iNOS aggregates in cells.
Materials and methods

Materials
Cell culture materials were purchased from Invitrogen (Carlsbad, CA). The antibody against iNOS was from BD Transduction Laboratories. Antibody against Hsp90 was a product of Cell Signaling Technology (Beverly, MA). The antibody against SPSB2 was from Santa Cruz Biotechnology (Santa Cruz, CA). LPS, recombinant mouse IFN-γ, geldanamycin, radicicol, anti-GAPDH and anti-flag antibodies were products of Sigma (St. Louis, MO). Unless otherwise indicated, all other chemicals used in this study were from Sigma.
Cell culture
Mouse macrophage (RAW 264.7, ATCC), human embryonic kidney 293 (HEK293), and African green monkey SV40-transfected kidney fibroblast (COS-7) cells were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum in a 37°C humidified atmosphere of 95% air and 5% CO 2 . Expression of iNOS in RAW 264.7 cells was induced by LPS (2 µg/ml, serotype 026:B6) and IFN-γ (100 U/ml).
shRNA
HuSH 29mer shRNA constructs against CHIP gene (Origene Technologies) were transfected into HEK293 cells by using Lipofectamine 2000 reagents (Invitrogen). The CHIP knockdown efficiency was confirmed by Western blotting and the CHIP-depleted cells were subjected to further treatments and analyses.
siRNA
Small interfering RNA (siRNA) oligonucleotides targeting SPSB2 and control nonspecific siRNA were purchased from Santa Cruz Biotechnology. In twelve-well plates, cells were seeded the day before transfection and grown to 30% confluence. siRNA oligonucleotides (100 nM) were transfected into cells by using Lipofectamine 2000 reagents. After 48 h of transfection, cells were subjected to further experiments.
Plasmid construction
To construct the plasmid encoding 50-1144 truncated iNOS, the 50-1144 region of iNOS was PCR-amplified from previously constructed pCMV-iNOS plasmid using primers 5'-CCCAAGCTTGGGATGG GCTCCCCGCAGC and 5'-CCGCTCGAGCGGGCCAGAAGCTGGAAC. After overnight incubation with HindIII and XhoI, 50-1144 iNOS cDNA was cloned into the mammalian expression vector pCMV-Flag-Tag2B using the standard molecular biology procedures. To construct pEGFP-C3/iNOS plasmid encoding GFP-iNOS fusion protein, the HindIII-XhoI fragment of pCMV-iNOS plasmid containing iNOS cDNA was cloned into HindIII-SalI sites of pEGFP-C3 vector.
Cell fractionation
Cells were rinsed with phosphate-buffered saline and lysed on ice for 30 min in a lysis buffer containing moderate detergents (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 50 mM NaF, 1 mM Na 3 VO 4 , 5 mM sodium pyrophosphate, 1 mM EDTA and protease inhibitor tablet). After a centrifugation at 14,000g for 15 min at 4°C, the supernatants and pellets were recovered as soluble and insoluble fractions, respectively. The insoluble pellets were washed by PBS, and boiled in 1.5×SDS/PAGE sample buffer (90 mM Tris-HCl, pH 6.8, 3% SDS, 15% glycerol, 0.01% Bromophenol blue and 62.5 mM dithiothreitol) for 7 min. Total cell samples were obtained by passing the lysates through 30 G needles after 30 min incubation in high-detergent lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1% SDS, 1 mM EDTA and protease inhibitor tablet).
Western blotting
Cells were harvested and lysed on ice for 30 min in lysis buffer, followed by 15 min centrifugation at 14,000g. Protein concentrations were determined by using the detergent-compatible protein assay kit (Bio-Rad). After 5 min boiling in the SDS/PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 40 mM dithiothreitol, 10% glycerol, and 0.01% Bromophenol blue), the proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with the appropriate primary antibodies. Membrane-bound primary antibodies were detected with secondary antibodies conjugated with horseradish peroxidase. Immunoblots were developed on films using the enhanced chemiluminescence technique (SuperSignal West Pico, Pierce). [19] . iNOS expression was induced in RAW 264.7 by LPS/IFN-γ for 12 h. Cells were then homogenated in homogenate buffer (50 mM Tris-HCl, pH7.4, 50 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitor mixture). After centrifugation (14,000g for 30 min at 4°C), the supernatants were harvested and used for measuring soluble iNOS activity. To obtain aggregated iNOS, LPS/IFN-γ-stimulated cells were incubated with GA (5 µM) or radicicol (20 µM) in the presence of MG-132 (20 µM) for 18 h. The cells were then harvested and homogenated in homogenate buffer. After centrifugation and stringent wash, the pellets were resuspended in the homogenate buffer and used for activity measurements of aggregated iNOS. The cell lysates were added to the reaction mixture containing 50 mM Tris-HCl, pH 7.4, 0.5 mM NADPH, 10 nM CaCl 2 , 10 μg/ml CaM, 10
Fluorescence imaging
and 36 μM L-arginine. After 15 min incubation at 37°C, the reactions were terminated by ice-cold stop buffer. L-[ 14 C]Citrulline was separated by passing the reaction mixture through Dowex AG 50W-X8 (Na + form; Sigma) cation exchange columns and quantitated by liquid scintillation counting.
Nitrite assay
Total nitrite released in cell culture medium was measured with a Griess reagent kit (Invitrogen). The reaction consisted of 20 µl of Griess reagent, 150 µl of medium, and 130 µl of deionized water. After incubation of the mixture for 30 min at room temperature, nitrite levels were measured at 548 nm using a M2 spectrophotometric microplate reader (Molecular Devices).
Hsp90-iNOS dissociation assay
Expression of iNOS was induced in RAW 264.7 cells by LPS/IFN-γ for 12 h. Cells were harvested and lysed for 30 min in the following lysis buffer: 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 50 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitor tablet. The cell lysates were then centrifuged at 14,000g for 15 min, and the supernatants were incubated with 2′, 5′-ADP-Sepharose affinity resins for 2 h at 4°C. The beads were washed three times with high salt buffer (50 mM Tris-HCl, 500 mM NaCl, 1 mM EDTA and 0.5% Nonidet P-40), followed by one time wash with regular washing buffer (50 mM TrisHCl, 100 mM NaCl, 1 mM EDTA and 0.5% Nonidet P-40). Afterwards, the beads were resuspended in 50 µl washing buffer containing GA (10 µM) or radicicol (20 µM) and then harvested at designated time point. After 1 min centrifugation at 14,000g, the supernatants were recovered and the proteins bound to beads were eluted by 5 min boiling of the beads in the SDS/PAGE sample buffer. Both supernatant and eluted samples were characterized by Western blotting with appropriate antibodies.
Statistics
Data were expressed as Mean ± SE. Comparisons were made using a two-tailed Student's paired or unpaired t-test. Differences were considered statistically significant at P < 0 .05.
Results
Hsp90 inhibition causes iNOS aggregation and iNOS aggregates are cleared by proteasomes
To determine the effects of Hsp90 on iNOS protein stability and turnover, mouse macrophage RAW 264.7 cells were exposed to LPS/ IFN-γ for 12 h to induce iNOS expression. Then LPS/IFN-γ were removed and iNOS expression was suspended by cycloheximide. After Hsp90 inhibitor or other treatments, cells were fractioned into supernatant (soluble) and pellet (insoluble) fractions in a buffer containing moderate detergent (1% NP-40). As shown in Fig. 1A , normally iNOS stayed as a stable and soluble protein in cytosol. Little iNOS was detected in the pellet fractions of cell lysates. Radicicol, an Hsp90 specific inhibitor, reduced soluble iNOS levels in a time-dependent manner. Interestingly, pretreatment of cells with the proteasome blocker MG-132 failed to prevent the loss of iNOS in the soluble fractions of Hsp90-inhibted cells; instead, a progressive iNOS accumulation was observed in the insoluble fractions following proteasomal blockade. With high levels of strong detergent (1% SDS), the insoluble iNOS proteins could be extracted into soluble fractions (Fig. 1B) . Under this condition, Hsp90 inhibition-induced iNOS depletion was seen to be blocked by MG-132 treatment, a characteristic feature expected to occur to the proteins that are degraded by the proteasome. These data suggested that Hsp90 inhibition caused iNOS to form aggregates and these iNOS aggregates were subsequently cleared by proteasomes.
Because iNOS induction requires Hsp90 [15] , siRNA approach to knock down Hsp90 could not be used to corroborate the finding on the effect of radicicol on iNOS protein stability. Radicicol is a specific Hsp90 inhibitor [14, 20] . To further eliminate the concern on the potential off-target effects of pharmacological inhibitors, we repeated the above experiments with geldanamycin (GA), another Hsp90 selective inhibitor whose structure is different from that of radicicol. In accordance with the findings obtained with radicicol, Hsp90 inhibition with GA also rendered iNOS aggregation and the clearance of aggregated iNOS was blocked by proteasomal inhibition (Figs. 1C and  1D) .
To determine the possible contribution of the autophagy-lysosome pathway to the degradation of iNOS aggregates, we treated the cells with the pan autophagy-lysosome inhibitor ammonium chloride (NH 4 Cl), which changes the acidic environment of lysosomes and inhibits the proteases inside. In contrast to the effect of MG-132, NH 4 Cl (20 mM) had no significant effect on the clearance of iNOS aggregates in cells treated by either radicicol or GA (Figs. 1E and 1F) . The different effects of proteasome and lysosome inhibition on the clearance of iNOS aggregates were compared quantitatively in Fig. 1G and 1H . These results demonstrated that it was the proteasome, rather than the autophagy-lysosome pathway, responsible for the clearance of iNOS aggregates in Hsp90-inhibited cells.
GFP-iNOS aggregation and degradation in transfected cells
To visualize iNOS aggregation and degradation under Hsp90 inhibition, a GFP-tagged iNOS plasmid was constructed and transfected into HEK293 cells. Expressed iNOS was evenly distributed in the cytosol (Fig. 2, top (Fig. 2, lower panel) . These aggregates displayed as fluorescent clusters with different sizes and shapes. These imaging data were consistent with the findings from the cell fractionation experiments. These two lines of evidence together demonstrated that Hsp90 was essential for the stability of iNOS as a soluble protein in the cytosol.
Aggregation deactivates iNOS
Aggregation usually leads to the loss of protein function [21] [22] [23] . To determine the effect of protein aggregation on iNOS function inside cells, we measured NO productions from iNOS-induced cells in the absence and presence of Hsp90 inhibitors. Compared to that in the control groups, markedly decreased NO production was seen in Hsp90-inhibited cells in which aggregated iNOS was preserved by MG132 (Fig. 3A) . These results suggested that aggregation deactivated iNOS. To further demonstrate the functional consequence of iNOS aggregation, we assayed the catalytic activity of soluble and aggregated iNOS in vitro. As shown in Figs. 3B and 3C, soluble iNOS exhibited robust NOgenerating activity. In contrast, aggregated iNOS from either radicicol or GA-treated cells largely lost its catalytic function. Thus, these in vitro and cell culture studies collectively showed that aggregation resulted in iNOS inactivation.
Hsp90 inhibition induces Hsp90-iNOS dissociation
We then sought to gain further understandings on the process of iNOS aggregation after Hsp90 inhibition. Both radicicol and GA target the ATPase pocket of Hsp90 [20, [24] [25] [26] . It is unclear whether or not radicicol or GA disrupts Hsp90-iNOS association in the process of iNOS aggregation. To address this question, we isolated iNOS-Hsp90 complexes from cells, exposed them to Hsp90 inhibitors, and monitored the alterations of the Hsp90 bound with iNOS as well as those released into the supernatants. As shown in Fig. 4A and B, both radicicol and GA treatment caused a time-dependent decreases in the levels of Hsp90 bound with iNOS. Inversely proportional to the decreases in iNOSbound Hsp90, the levels of free Hsp90 released into the supernatants were increased. These data demonstrated that Hsp90 inhibition caused iNOS-Hsp90 dissociation. It was noted that the Hsp90-iNOS dissociation occurred before iNOS aggregation, suggesting that Hsp90 dissociation might be required for iNOS aggregation.
CHIP is dispensable for the clearance of iNOS aggregates
Previous studies reported that iNOS can be degraded by the UPS and the carboxyl terminus of Hsc70 interacting protein (CHIP) has been implicated in iNOS protein turnover [16, [27] [28] [29] . CHIP is an Hsp70/ Hsp90-dependent E3 ligase. Hsp90 is critical for CHIP to ubiquitinate its client proteins [30, 31] . The fact that Hsp90 inhibition promoted iNOS degradation via UPS suggested that other E3 ligases likely accounted for the proteasomal clearance of iNOS aggregates under Hsp90 inhibition condition. To further rule out the involvement of CHIP in the clearance of iNOS aggregates in Hsp90-inhibited cells, we expressed iNOS into control and CHIP knockdown HEK293 cells and exposed them to Hsp90 inhibitor. To focus on the degradation process of iNOS aggregates, we extracted intracellular iNOS with strong detergentcontaining buffer (1% SDS) and monitored the changes of total iNOS levels in this experiment and those hereafter. As shown in Fig. 5A , Hsp90 inhibition caused iNOS degradation in both control and CHIP knockdown cells. The time courses of iNOS depletion in control and CHIP knockdown cells were indistinguishable (Fig. 5B) . These data unambiguously demonstrated that CHIP was not required in the degradation of iNOS aggregates in Hsp90-inhibited cells.
SPSB2 is essential for UPS clearance of iNOS aggregates
Recent studies reported that the SPRY domain-containing SOCS box protein 2 (SPSB2), an E3 ligase-recruiting protein, participates in iNOS ubiquitination and turnover in normal conditions [32, 33] . We thus explored if SPSB2 played roles in the proteasomal clearance of iNOS aggregates in Hsp90-inhibited cells. As shown in Fig. 6A and B, SPSB2 knockdown largely prevented the degradation of iNOS aggregates, indicating that SPSB2 mediated the ubiquitination and degradation of aggregated iNOS. Indeed, we isolated iNOS aggregates from Hsp90-inhibited cells and found their ubiquitination levels were markedly reduced in SPSB2 knockdown cells (Fig. 6C) . These results revealed that the SPSB2 was required for ubiquitination and degradation of iNOS aggregates.
Deleting the SPSB2-binding domain on iNOS prevents the clearance of iNOS aggregates
iNOS is known to interact with SPSB2 through a DINNN containing domain (amino acids) [23] [24] [25] [26] [27] in its N-terminal region [32, 33] . To demonstrate the necessity of the interaction with SPSB2 in the clearance of iNOS aggregates, we constructed a SPSB2-binding domain deletion iNOS (iNOS ) and expressed it into HEK293 cells. As shown in Fig. 7A , the removal of the SPSB2-binding domain had no effect on the catalytic function of iNOS as evidenced by the similar NO productions in the cells expressing iNOS or iNOS . These data suggested that there was no major change in iNOS folding or conformation after removing the SPSB2 binding domain. However, deleting the SPSB2-binding domain largely prevented the clearance of iNOS aggregates (Figs. 7B and 7C ). This indicated that the interaction with SPSB2 was required for proteasomal clearance of iNOS aggregates. To ensure these findings were not restricted to one particular type of cells, we conducted similar experiments in COS-7 cells. Again, deleting the SPSB2-binding domain abrogated the clearance of iNOS aggregates after Hsp90 inhibition (Figs. 7D and 7E) . These results demonstrated the essentiality of SPSB2-iNOS interaction in the UPS clearance of iNOS aggregates in Hsp90-inhibited cells. 
Discussion
The key finding of this study is that Hsp90 is essential for maintaining the protein stability of iNOS. Unlike eNOS or nNOS whose activation is largely driven by intracellular Ca 2+ transient, NO production from iNOS is dependent on the levels of iNOS proteins. Historically, intracellular iNOS levels have been thought to be determined by the magnitude of its gene transcription. Thus, most studies in this field focused on deciphering the mechanisms of iNOS gene transactivation [34] [35] [36] . Little attention was paid to the potential roles of changed protein stability or turnover in iNOS biology. Recently, studies on the changes in iNOS protein stability and the impacts of these changes on iNOS function began to emerge [16] [17] [18] 21, 27] . The findings in current study underscore the importance of protein aggregation in affecting iNOS function, and identify Hsp90 as a critical component in controlling iNOS protein stability. Hsp90 inhibition causes iNOS aggregation and deactivation. NO production in the macrophages exposed to inflammatory stimuli is dependent on Hsp90. Under Hsp90 inhibition, NO production is largely diminished because of iNOS aggregation. Hence in addition to the previously reported roles in regulating iNOS function and expression [14, 15] , Hsp90 is also essential in keeping iNOS proteins stable inside cells. The details of iNOS aggregation following Hsp90 inhibition remain to be determined. Nevertheless, our data suggest that the aggregation process may begin with Hsp90 dissociation from iNOS. A comparison of the time-courses of Hsp90 dissociation and iNOS aggregation showed that Hsp90-iNOS dissociation occurred prior to iNOS aggregation. This suggests a model that Hsp90 inhibition cause Hsp90-iNOS dissociation and Hsp90-uncoupled iNOS subsequently forms aggregates (Fig. 8) . Further studies are needed to verify such a model and decipher why Hsp90-uncoupled iNOS is prone to aggregation. As a chaperon protein, Hsp90 is known to play crucial roles in maintaining the conformation of its client proteins. It is conceivable that lacking the chaperon of Hsp90 may render iNOS into an unstable conformation that favors protein aggregation.
Another finding in this study is the elucidation on how iNOS aggregates are coped with in cells. Our results show that iNOS aggregates are cleared via the UPS. Aggregation not only causes proteins to lose their functionalities, aggregated proteins often inflame additional harm to cells. In fact, abnormal accumulations of protein aggregates are a mechanism of many diseases. Whether or not iNOS aggregates further cause detrimental consequences remains to be seen. Nonetheless, cells appear to take prompt actions to eliminate iNOS aggregates. Thus, when UPS function is normal, iNOS aggregation can be effectively dealt with except for the cells to lose NO-generating capability. However, when UPS function is hampered, as occurred in various diseases, iNOS aggregates will retain in cells. Not only these aggregated iNOS stops producing NO, they may also pose a new burden to cells. It will be interesting to investigate whether or not iNOS aggregates induce detrimental effects in disease conditions in the future.
Prior to proteasomal degradation, target proteins must be ubiquitinated and this is mainly accomplished by a cascade of reactions catalyzed by a group of enzymes including E1, E2, and E3 [37] . Among them, the E3 ligase is responsible for target specificity and thus plays determining role in directing proteins to the proteasome for degradation. The E3 ligase CHIP was previously reported to facilitate iNOS ubiquitination and proteasomal degradation in transfected cells [27, 28] . A recent study, however, shows that CHIP was not responsible for iNOS ubiquitination and lifetime in macrophages [38] . Interestingly, CHIP is an Hsp90 dependent enzyme. Our findings that Hsp90 inhibition promotes iNOS degradation suggest that CHIP is dispensable for proteasomal clearance of iNOS. Indeed, CHIP knockdown has no effect on iNOS degradation in Hsp90-inhibited cells. These results do not exclude the possible role of CHIP in iNOS turnover under certain circumstances. But they demonstrate that when CHIP is inhibited or absent, there are other E3 ligases that account for iNOS ubiquitination and degradation.
Our studies show that SPSB2-associated E3 ligase is responsible for iNOS ubiquitination and degradation in Hsp90-inhibited cells. SPSB2 belongs to a group of SOCS box-containing proteins that regulate other proteins via a SOCS box associated E3 ligase [39, 40] . Nicholson and colleagues reported that SPSB2 interacts with iNOS via an iNOS Nterminal DINNN motif. SPSB2 couples with the elongin B/C-cullin5-SPRY protein complex to form an E3 ligase to ubiquitinate iNOS [32, 33] . This report addressed the role of SPSB2 in controlling the lifetime of normal iNOS. Important question remains regarding the role of SPSB2 in the turnover of other forms of iNOS proteins. We now show that SPSB2 is also essential for proteasomal clearance of aggregated iNOS. Knockdown of SPSB2 markedly reduced the ubiquitination of iNOS aggregates in Hsp90-inhibted cells. SPSB2 knockdown or deleting the SPSB2-interating domain in iNOS prevented the degradation of iNOS aggregates. Together with previous reports [32, 33, 38] , our findings highlight the crucial role of SPSB2 in controlling iNOS ubiquitination and turnover in both physiological and pathophysiological settings (Fig. 8) .
Aggregation and proteasomal clearance are efficient means to remove active iNOS in cells. As iNOS levels determine the NO formation quantity; in principle, NO production could be modulated through Hsp90 control of iNOS stability and turnover. Known as a molecular chaperon, Hsp90 is often thought to function as a supporter rather than an initiator in cell signaling. For example, Hsp90 is known to serve as a structural scaffold to bring kinases and their substrates together. This process may not need a change of Hsp90 function. However, recent progresses demonstrate that Hsp90 is able to actively participate in molecular regulation. Hsp90 function can be modulated by protein phosphorylation and protein-protein interactions [41] [42] [43] . Therefore, down-regulation of Hsp90 function would be expected to lead to iNOS aggregation and removal. This could serve as a counter mechanism to gene expression so that the level of iNOS proteins can be precisely tuned to accommodate the biological need. It will be interesting to study if intrinsic pathways exist to modulate NO production in host defense via Hsp90 control of iNOS protein stability. Exploring this issue may give rise to novel mechanisms in iNOS regulation.
In summary, in the third report of a serial studies on Hsp90 regulation of iNOS, we show that the interaction with Hsp90 is crucial for iNOS protein stability. Together with previous reports [14, 15] , we have demonstrated a comprehensive role of Hsp90 in modulating iNOS gene transcription, catalytic function, and protein stability. Lack of Hsp90 interaction results in iNOS aggregation and loss of catalytic function. iNOS aggregates are cleared by the UPS and this is mediated by SPSB2. The identified Hsp90 control of iNOS protein stability and turnover suggest a novel approach to modulate NO production from iNOS in cells.
